Although it is a well recognized fact among bacteriologists that many bacterial species decline rather quickly in virulence during artificial cultivation, it is also well known that some strains of tubercle bacilli have retained a considerable virulence during many years of cultivation on artificial media. However, it has not infrequently been observed (1) that some strains of tubercle bacilli also exhibit a gradual loss of pathogenic properties. Except possibly in the case of BCG (2, 3), efforts to restore the virulence of these attenuated strains have not been successful, nor is it known what factors are responsible for the in vitro attenuation of the organisms. Experiments were therefore planned to determine whether the virulence of various bovine and human strains bore any relationship to the morphology of colonies isolated from animals inoculated with them.
Studies on Virulence
Strains of Human Orlgin.--Each of the strains of tubercle bacilli of human origin, except the H-37, was recently isolated. The Jamaica strain was isolated from a Jamaican native by Dr. J. Freund. The remainder were isolated in this laboratory. Only moderate differences in pathogenic properties of these organisms for guinea pigs were noted, although some of them produced much more extensive, albeit regressive, lesions in rabbits. Most extensive lesions in guinea pigs were produced by the strain designated 3104, although both the H-37 and Thompson strains produced more extensive lesions in rabbits (30 days). Each of the strains of human origin produced macroscopic lesions in rabbits at 30 days; these lesions, after 60 days, were in every instance regressive. In guinea pigs but one strain produced lesions less extensive at 60 than at 30 days, namely, the Kilty strain. For reasons to be discussed later, this may with certainty be regarded as a bovine strain of but moderate virulence. Table II shows the relative extent of lesions produced l~y these human strains in rabbits and guinea pigs examined 30 and 60 days after inoculation.
In Table II the eight strains of human origin are arranged from above downward in the order of diminishing lesions produced by each in guinea pigs. It will be noted that there is no relationship between the extent of lesions which a strain produces in guinea pigs and the extent of lesions produced in rabbits. The table shows, however, that in each instance the lesions in rabbits are less extensive at 60 days than at 30 days; in guinea pigs, however, all strains except Kilty induced progressive lesions. It will be shown later that the latter is a bovine strain.
It may be stated at this point that none of the animals inoculated with human strains showed appreciable weight loss. This was in all probability due to the relatively short duration of the experiments and comparatively small inoculum. (The inoculating dose used by Theobald Smith to produce wasting disease was much larger.)
Boeine Strains.--The B-1 strain used in these experiments has suffered a sharp decline in virulence in our hands during the past 5 years. The Ravenel strain, which we have had for about 18 months, is a strain possessed of marked pathogenic properties. Regarding the remaining bovine strains, Dr. Theobald Smith stated that the virulence of each had been tested at the time of isolation and that
TABLE II

Relative Extent of Lesions Produced in Inoculated Animals by Eight Strains of Tubercle Bacilli of Human Origin
Extent of tuberculous lesions produced The figures represent units of tuberculous lesions and were obtained by scopic and microscopic comparisons of the tissues. Actual numbers of not indicated; the data are entirely relative.
Decimals indicate a minute tuberculous focus in some viscus. * Died 49 days.
macrolesions
there were no marked differences. In the results to be discussed, however, it will be shown that there were remarkable differences in virulence of these strains. In addition to the B-1 strain, bovine Table III shows the extent of lesions produced in guinea pigs and rabbits each inoculated with one of the eleven bovine strains.
It will be noted from Table III that several animals inoculated with bovine strains died before the experiment was terminated. Two or four animals inoculated with Strains 36, 38, and Ravenel died, each in 40 days or less, whereas two animals inoculated with Strain 39 died at 35 and 60 days respectively. From the standpoint of fatal termination and extent of lesions, therefore, these four strains, 36, 38, 39, and Ravenel, may be considered as most virulent, whereas Strains ]3-1, 32, and 35 were least. It may also be remarked that animals inoculated with the virulent strains lost weight, although wasting did not occur in animals inoculated with the less virulent strains.
It may be seen also from Table III that the lesions produced by Strains B-l, 33, and 35 were static or retrogressive and did not progress. This result may be compared with that obtained with the Kilty strain (Table II) . In fact the animal responses to Strains Kilty and bovine 33 were quite similar. It would appear, therefore, that the Kilty organism is of bovine type and of but moderate virulence. This view has been confirmed by serologic methods which will be discussed in a subsequent publication.
Chart 1 shows the rate of progression or regression of tuberculosis in the rabbits and guinea pigs each inoculated with one of seven virulent human strains or one of the seven bovine strains of tubercle These observations make it clear that in order to classify a given mammalian strain, the virulence of which has not been recently tested, it is necessary to inoculate both rabbits and guinea pigs. A human strain of full virulence produces progressive tuberculosis in guinea pigs but not in rabbits. A bovine strain of full virulence produces progressive tuberculosis in both rabbits and guinea pigs, whereas bovine strains of low virulence produce retrogressive lesions in both rabbits and guinea pigs. Therefore, if a strain of mammalian 7 human type ~t~ai_na 7 l~ovine type ~t~ain~ CmCRx 1. Extent of tuberculous lesions.
tubercle bacilli be inoculated into rabbits, and if it produces lesions which regress, it does not follow that it is a human type bacillus unless it be shown also that the organism produces progressive tuberculosis in guinea pigs. Add-Fast Bacilli in the Leslons.--The evaluation of pathogenic properties of the various human and bovine strains, and their arrangement in Tables II and III in order of virulence were made on the basis of extent of lesions in the animals inoculated with each strain. Both the number and size of lesions were considered. In addition to the study of the lesions, surveys were made to determine the relative numbers of acid-fast bacilli in the lungs, spleen, and bone marrow of each animal. The results were recorded as 0 to -b-k +. The data pertaining to the three sections each from the four animals inoculated with one strain were added; the figures representing these sums are recorded in Table IV . In the table the seven human and twelve bovine type strains are arranged horizontally in order of diminishing virulence from left to right. Beneath the name or number of each t Of rabbits killed 60 days after inoculation with human strains, only one (with H-37) showed acid-fast bacilli in lesions.
strain are recorded the numerical order of virulence and the relative number of acid-fast bacilli in the tissues of four animals inoculated with each strain. The data for rabbits and for guinea pigs are also given separately.
It will be seen from the data in Table IV that there is a very definite relation between the number of organisms in the lesions and the virulence of the strain. The strains of greater virulence show the greater numbers of bacilli and the strains of least virulence show the fewest {or none). The correlation is by no means mathematically perfect but the estimates cannot be reduced to a mathematical basis. Lewis and Sanderson (7) suggested that the number of organisms remaining in the lesions may be an expression of their rate of multiplication. Strength will be added to this view later, when it will be shown that there is a definite relation between the number of organisms present in stained sections and the number of colonies which develop when cultures are made from the tissues. In other words, most of the stained organisms must be viable and a large number of them therefore ir~dicates that multiplication has taken place.
It will also be noted from the data in Table IV that the animals inoculated with certain of the bovine strains showed a great many more organisms in their lesions than any of the animals inoculated with human type tubercle bacilli. This was largely due to apparent failure of the human type strains to multiply in the rabbit host. The rabbits killed 30 days after inoculation with human strains showed relatively few organisms and of those killed 2 months after inoculation, only one animal showed acid-fast bacilli in the tissues. Among animals inoculated with bovine strains, however, the rabbits showed as many (or more) organisms in their tissues as the guinea pigs inoculated with the same strains. Guinea pigs inoculated with virulent bovine bacilli~showed approximately the same number of bacilli in their lesions as guinea pigs inoculated with equally virulent bacilli of human type.
Cultural Studies
The bacteriological studies to be discussed here were concerned with efforts to determine any possible relationship of the virulence of a given strain of tubercle bacilli to the colony morphology of the organisms recovered from inoculated animals. Petroff (8) and his associates had already demonstrated differences in virulence dependent upon the colony form of organisms inoculated. Furthermore, we (9) were able to show that under proper cultural conditions smooth, rounded, shiny colonies of tubercle bacilli were obtained which resembled the smooth forms of other pathogenic bacteria. However, the questions to which we sought answer in the present experiments were: Do strains of tubercle bacilli of low virulence produce smooth colonies, and if so, are the smooth colonies produced in as great number as in the case of highly virulent strains?
Certain aspects of the cultural characteristics of the tubercle bacilli used in these experiments were discussed previously (9), * at which time it was found that the use of H~SO4 or NaOH in isolating the organisms inhibited the development of smooth colonies. The technical aspects of the experiments were given fully and will be repeated here but briefly.
Procedures.--Animals used in the tests of virulence were killed with chloroform or by intravenous injection of air. Cultures were made from animals sacrificed 30 and 60 days after inoculation with human strains, and from animals sacrificed 30 days after inoculation with bovine strains. Cultures were not reisolated from animals inoculated with bovine strains and allowed to survive beyond 30 days. At autopsy the spleen or bone marrow was removed aseptically, suspended in sterile saline, and the suspension was divided into three portions. One portion was treated with H2SO4 (6 per cent by weight), another with NaOH (3 per cent by weight), and the third was untreated. The treated portions were neutralized after 12 to 22 minutes. Slants of culture media (chiefly Petroff's gentian violet egg medium and Corper's egg yolk-glycerine medium) were then seeded with each of the three tissue suspensions from each animal. The tubes were sealed with paraffin and incubated at 37°C. They were examined periodically with a binocular dissecting microscope, the final examination being made after 4 months' incubation. At each examination data were recorded as to the approximate number of colonies on each slant and the per cent of various types of colonies present. In some instances colonies at first smooth, later became granular. The results to be discussed are therefore only those recorded after 4 months' incubation.
Human Strains.--In the cultures recovered from animals inoculated with human strains there was no correlation between the number of organisms seen in the stained sections and the number of positive cultures or number of colonies recovered from the tissues. However, it was noted that smooth, rough, and intermediate colonies, similar to those previously described and illustrated (9) , occurred in cultures of each human strain. The smooth colonies were most numerous in the cultures from guinea pigs. In cultures recovered from the spleens of rabbits 30 days after inoculation with human strains, the colonies which developed (few in number) showed pro-nounced granular characteristics. Cultures made from the tissues of rabbits 60 days after inoculation were consistently negative. It appears, therefore, that the rabbit possesses the capacity to alter the human type organisms so that they have the characteristics of the granular forms, and then the organisms are in some manner destroyed. The failure to recover the human organism from the spleens of rabbits was recorded by Lurie (10) , but the capacity of the animal host to influence colony characteristics of the organism has not to our knowledge been observed. This power to alter and destroy the human tubercle bacillus is not inherent in the guinea pig. The cultures recovered from these animals at 30 or 60 days showed numerous smooth colonies, and the total growth was often more luxuriant in cultures from animals allowed to survive 2 months. Lurle (10) also found that bovine tubercle bacilli remained viable in the tissues of rabbits until the death of the host. It would seem, therefore, that a susceptible host has not the capacity to inhibit multiplication of the organisms or to destroy them, whereas the naturally resistant host can do so.
Bovine Strains.--It was shown in the preceding section of this report that among the bovine strains of bacilli employed, there were very marked differences in virulence. Some strains were highly pathogenic, others avirulent, and between these extremes were certain strains possessed of moderate pathogenic properties. This broad range made possible studies which could not be done with the human strains, among which the gradations of pathogenesis were slight. With the bovine strains it was possible to establish definite correlations between: (1) virulence and per cent of positive cultures; (2) virulence and number of colonies recovered; and (3) virulence and number and per cent of smooth colonies recovered. These data are presented in tabular form. Table V shows the number and per cent of positive cultures isolated from animals, each inoculated with one of six bovine strains of high or one of six bovine strains of low virulence. 80 per cent of the cultures from animals inoculated with highly virulent strains were positive, whereas only 20 per cent of the cultures from animals inoculated with strains of low virulence were positive.
These data are further analyzed to show the approximate number of colonies recovered from the animals inoculated with each strain. Table V shows that not only were more positive cultures recovered from the animals inoculated with strains of high virulence, but that the number of colonies per tube was greater and the total number of colonies recovered was about 25 times as great as in the case of cul- Approximate numbers of colonies determined as follows: Growth on each tube was recorded as scant (1 to 5 colonies), fair (6 to 20 colonies), good (21 to 100 colonies), or excellent (101 to 1,000 colonies). The actual number of colonies present in many of the cultures was recorded. In others colony counts were done on portions of the culture and approximations of the whole number were made. The total number of colonies per strain of organisms (Table V) is the sum of data on all cultures recovered from animals inoculated with that strain.
tures recovered from animals inoculated with strains of low pathogenicity.
While studying the cultures recovered from the animals, it was noted that three principal types of colonies occurred on almost every slant. These were: (a) rounded, non-granular, glossy colonies with entire margin (designated smooth, Figs. 1, 2, and 3) ; (b) flat, spreading, stippled, or finely granular colonies (designated intermediate , Fig.  2) ; and (c) coarsely granular colonies of irregular contour, rising sharply from the medium but adhering to its surface (designated rough, Fig. 2 ). These three colony variants are illustrated in Fig.  2 , a photograph of a culture recovered from a rabbit, R 34595 inoculated with bovine Strain 39. Records were made of the approximate per cent of each of the three colony variants in each culture. The percentage values multiplied by the whole number of colonies on the slant gave the relative numbers of each of the three variants. A summation of these data is presented in Table VI . The data presented in Table VI show that a large per cent of colonies were smooth when recovered from animals inoculated with These are serial numbers of animals used in this laboratory during a period of years.
strains of high virulence. In cultures recovered from animals inoculated with the less virulent strains, there were also smooth colonies but in much smaller number, whereas there were relatively greater numbers of intermediate and rough colonies. It is therefore clear that dissociation did occur in strains of low virulence (Strain B-l, Table VI , is avirulent), but it is also clear that there was a definite relation between the virulence of a strain, the ease with which it could be recovered, the number of colonies which were obtained, and the per cent of colonies having the smooth form.
DISCUSSION
In any consideration of bacterial virulence, at least two factors must be recognized; namely, the powers of resistance of the host, and the capacity of the microorganisms to survive, multiply, and carry on their metabolic processes within the host. Two variables are therefore present in any experiments designed to determine the pathogenic properties of a bacterium. Regarding the pathogenic properties of tubercle bacilli, certain facts are already well known, both as pertains to factors of host resistance and to properties of the bacteria. The factors of host resistance were first brought to light by Theobald Smith, and then elaborated upon by subsequent workers. In addition to the variations in resistance of different animal species, there are rather marked differences among animals of the same species. In order to evaluate factors concerned with the bacteria, it is therefore necessary to reduce to a minimum the variation of host factors by careful selection of animals. Likewise it is essential in comparing the virulence of several strains to control the size of the inoculating dose in so far as this is possible.
Giving due consideration to the above named factors, all possible precautions were taken in these experiments. Nevertheless, it is probable that factors beyond control influence the course of disease in certain animals, and that slight differences in pathogenic properties between two strains are not highly significant. It is therefore probably beyond the limits of absolute accuracy to place each of a large number of strains of bacteria in its proper order of virulence without employing a very large number of animals and allowing prolonged periods of time to elapse to determine whether less virulent strains eventually produce progressive disease. But with the methods employed here, gross differences in pathogenic properties of various strains do become apparent, and between the strains of greatest and those of least virulence there is the difference of 50 per cent mortality in 60 days on the one hand, and almost complete absence of demonstrable lesions on the other.
On the basis of our observations, the statement seems justified that, among recently isolated strains of human tubercle bacilli, there are moderate but definite differences in pathogenic properties. Since each of the human type strains was of high or moderate virulence, there were no marked differences in cultural characteristics of the organisms reisolated from inoculated animals. It was noted, however, that cultures recovered from rabbits 30 days after inoculation of human strains showed more marked granular characteristics than cultures similarly recovered from guinea pigs. And all efforts to recover the human type organism from rabbits 60 days after inoculation were unsuccessful. In view of this it seems that the defensive mechanism of the rabbit successfully depresses those characteristics associated with virulence and after a time succeeds in destroying the bacteria.
In the guinea pigs none of the human strains caused appreciable loss of weight, or death, within the time limits of the experiments. This probably was due to the relatively small dose inoculated, the additional fact that the animals used were young and growing, and to insufficient lapse of time. However, inoculation of each of the human type strains into guinea pigs was associated with lesions considerably more extensive at 60 than at 30 days.
The virulence of bovine strains was approximately the same for rabbits as for guinea pigs. That is, if a given strain produced rapidly progressive, wasting fatal disease in rabbits, the result in guinea pigs was similar. But if another strain produced in rabbits lesions which progressed for a time and then slowly regressed, the result in guinea pigs was almost invariably the same. Among the twelve bovine type strains studied (one, Kilty, isolated from man), the virulence ranged from very high to very low. Although no hard and fast rule can be established, it is in general true that the more recently isolated strains were the more virulent, and the strains cultivated in vitro for a long time were less virulent, indicating slow attenuation.
To our knowledge, it has not been shown that tubercle bacilli killed in vitro by heat or by chemical methods possess staining properties at all different from those of the living organism. To the latter statement an exception may be drawn in the case of certain organic solvents which remove certain lipoids with which the property of acid-fastness is associated. This fact would indicate that acid-fast bacteria which appear in stained sections of animal tissue might be either viable or dead. Certain of our results, however, speak against this view, particularly in the case of the bovine type organisms. When large numbers of acid-fast bacilli were found in the tissues, large numbers were also recovered in culture; and when the number in the tissue was small, or when there were none, few or no organisms were recovered in cultures. This would make it seem that most, if not all the organisms to be seen in tissues are viable, and contrarily that once the bacillus is dead it soon loses its acid-fastness and bacillary form.
Very large numbers of bovine type bacilli were recovered from animals inoculated with the most virulent strains; from animals inoculated with the less virulent strains, fewer and fewer organisms were recovered, and from animals with an avirulent strain, no organisms were obtained. This seems to indicate in the first instance a capacity of virulent tubercle bacilli to multiply in the body of the host, and in the other instance a capacity of the host to destroy or eliminate less virulent bacteria.
With exceptions in the case of but three strains of organisms, all cultures reisolated from animals inoculated with bovine type bacilli showed three types of colonies. And although the data were not given in this report, the same was true of five of the seven human strains. All positive cultures, either of human or bovine type strains, showed either two or three colony variants. These variants are described and illustrated and have been previously discussed (9) . In cultures of highly virulent bovine strains, the smooth variant is present in far greater numbers than in cultures of strains of low virulence. In case of the rough variant, however, there are relatively greater numbers in cultures of strains of low virulence than in cultures of more virulent strains. Thus, there is a definite relationship between the virulence of a given strain, the number of organisms to be seen in tissues of animals 30 or 60 days after inoculation with that strain, the number of organisms appearing in cultures from tissues of inoculated animals, and the prevalence of smooth colonies in these cultures.
Although a small number of smooth colonies did occur in cultures of strains possessing little virulence, it need not necessarily follow that reinoculation of these variants would cause progressive disease. Another experience, not reported here, may clarify this point. A smooth variant of an avian tubercle bacillus, A-l, with which many experiments have been done in this laboratory, especially by Dr..L T. Geiger, was formerly highly virulent for rabbits and fowl. This strain gradually became attenuated and is now completely avirulent. Its colony morphology has not changed and colonies of this strain are indistinguishable from those of another smooth, highly virulent, avian strain in our possession. It therefore appears that dissociation of tubercle bacilli may occur, irrespective of virulence, but it is also true in all probability that of the variants of a virulent strain the smooth form possesses greatest pathogenicity.
Further studies of certain factors which influence dissociation of tubercle bacilli and of the significance of smooth colonies in strains of low virulence will be reported later.
S~RY
All the strains of human tubercle bacilli described in this report as recently isolated from clinical cases proved to be virulent and showed but slight differences in pathogenic properties. Neither did they show extreme variation in virulence when compared with Strain II-37, isolated many years ago. Between twelve bovine strains cultivated in vitro for varying periods, there was a much wider range in virulence, some being so attenuated as to give regressive lesions in both rabbits and guinea pigs, while other strains were highly pathogenic. In general, the more recently isolated strains were the more virulent. Attenuation occurs with prolonged in vitro cultivation, but the rate of attenuation is apparently not the same for all strains.
Studies of cultures recovered from inoculated animals demonstrated that in the case of bovine tubercle bacilli virulence is correlated with three phenomena: the number of bacilli which can be stained in tissues of inoculated animals, the number of organisms recoverable in
